Nonsynaptic clusters of postsynaptic proteins have been documented; however, their role remains elusive. We monitored the trafficking of several candidate proteins implicated in synaptogenesis, when nonsynaptic clusters of scaffold proteins are most abundant. We find a protein complex consisting of two populations that differ in their content, mobility, and involvement in synapse formation. One subpopulation is mobile and relies on actin transport for delivery to nascent and existing synapses. These mobile clusters contain the scaffolding proteins PSD-95, GKAP, and Shank. A proportion of mobile clusters that exhibits slow movement and travels short distances contains neuroligin-1. The second group consists of stationary nonsynaptic scaffold complexes that mainly contain neuroligin-1, can recruit synaptophysin-containing axonal transport vesicles, and are readily transformed to functional presynaptic contacts that recycle the vital dye FM 4-64. These results postulate a mechanism whereby preformed scaffold protein complexes serve as predetermined postsynaptic hotspots for establishment of new functional excitatory synapses.
Introduction
Communication between neuronal cells relies on signals transmitted through an array of heterogeneous contacts known as synapses (Li and Sheng, 2003; Sanes and Lichtman, 2001; Waites et al., 2005) . This process involves the establishment of thousands of excitatory and inhibitory synapses, each with characteristic components that determine synapse specificity. Excitatory neurotransmission in the mammalian brain is primarily mediated by glutamate, and the proteinaceous network of neurotransmitter receptors, scaffolding proteins, adhesion molecules, and signal transduction enzymes at glutamatergic synapses is collectively referred to as the postsynaptic density (PSD) (Kennedy, 1997) . Scaffolding proteins constitute one major group of proteins present at the PSD. Many of these molecules contain multiple domains for protein-protein interaction, such as PDZ domains, and thus mediate the recruitment of several other proteins to a single cellular site (Kim and Sheng, 2004; Rao et al., 1998) .
The postsynaptic density protein PSD-95 is believed to play a role in synapse maturation, as it is one of the earliest detectable proteins in the PSD (Kim and Sheng, 2004; Rao et al., 1998) . PSD-95 induces clustering of a number of neurotransmitter receptors and scaffolding proteins (El-Husseini et al., 2000b; Kim and Sheng, 2004; Prange et al., 2004) . PSD-95 mutant animals exhibit defects in synaptic transmission associated with plasticity and result in enhanced LTP and impaired learning (Migaud et al., 1998) . Moreover, knock down of PSD-95 diminishes excitatory synapse number and clustering of AMPA-type glutamate receptors (Nakagawa et al., 2004; Prange et al., 2004) . Interaction of the scaffolding protein, GKAP, with PSD-95 is thought to be important for the coupling of GKAP to Shank, a protein implicated in the regulation of spine morphology (Sala et al., 2001 ). PSD-95 may control the balance of excitatory and inhibitory synaptic contacts through the clustering of the cell adhesion molecule neuroligin-1 Prange et al., 2004) . These findings suggest that PSD-95 has the potential to drive the formation of a core postsynaptic protein complex containing essential scaffolding and cell adhesion proteins needed to coordinate the formation and maturation of pre-and postsynaptic elements, as well as dictate their number and specificity.
Nonsynaptic clusters of postsynaptic proteins in young neurons have been documented in several studies (Liu et al., 1998; Rao et al., 1998; Sans et al., 2003; Waites et al., 2005; Washbourne et al., 2002 Washbourne et al., , 2004 . Clusters containing PSD-95 and GKAP present at nonsynaptic sites have been observed in hippocampal neurons in vitro (Rao et al., 1998) , and nonsynaptic membrane specializations, or ''free PSDs,'' have been observed with the use of EM analysis in vivo during the initial stages of synaptogenesis (Blue and Parnavelas, 1983; Fiala et al., 1998; Hinds and Hinds, 1976; Steward and Falk, 1986) . Taken together, these findings postulate that postsynaptic mechanisms exist to facilitate synapse formation. The findings that postsynaptic molecules such as neuroligins and SynCAM can induce presynaptic assembly further highlight the importance of postsynaptic proteins in driving the formation of new contacts (Biederer et al., 2002; Scheiffele et al., 2000) .
Recent advances in imaging techniques have revealed some of the molecular events underlying the formation of excitatory synapses in the CNS (Ahmari and Smith, 2002; Bresler et al., 2004; Friedman et al., 2000; Sanes and Lichtman, 2001 ; Shapira et al., 2003; Waites et al., 2005; Ziv and Garner, 2004) . These elegant studies demonstrated that the major components of the synaptic vesicle release machinery travel in transport packets and are rapidly recruited to contact sites. Other studies revealed transport packets and protein complexes that regulate delivery of NMDA receptors to nascent neuronal contacts (Sans et al., 2003; Washbourne et al., 2002 Washbourne et al., , 2004 . The recruitment of NMDA receptor clusters slightly preceded that of synaptic vesicle proteins at newly formed contacts between axonal growth cones and dendrites (Washbourne et al., 2002) . Live imaging has also identified discrete and mobile PSD-95 clusters (Marrs et al., 2001; Prange and Murphy, 2001 ). This suggested the existence of prefabricated PSD-95 clusters potentially involved in the formation and/or stabilization of synapses. However, others reported that presynaptic differentiation precedes recruitment of PSD-95 to newly formed synaptic sites and that PSD-95 accumulation occurs gradually (Bresler et al., 2004; Friedman et al., 2000; Waites et al., 2005) .
Here we assessed the trafficking of several scaffolding proteins in young neurons, prior to the formation of the majority of synapses. We found that (1) stationary complexes containing PSD-95, GKAP, and Shank are abundant in young neurons at both synaptic and nonsynaptic sites, (2) a small fraction of this scaffold complex is mobile and can be recruited to nascent and existing presynaptic contacts, (3) a subset of stationary protein complex clusters contains neuroligin-1 and recruits synaptophysin-positive axonal transport vesicles that can recycle the vital dye FM 4-64, (4) assembly of the scaffold protein complex requires PSD-95, as interfering with PSD-95 expression by siRNA disrupts clustering of GKAP and Shank and reduces the number of excitatory synapses in young hippocampal neurons, and finally, (5) knock down of PSD-95 results in an overall increase in VGAT puncta positive for neuroligin-1, indicating a shift in neuroligin-1 localization from excitatory to inhibitory contacts.
Results

PSD-95, GKAP, and Shank Colocalize at Nonsynaptic Sites in Young Neurons
Previous studies showed clusters of PSD-95 and GKAP at early stages of neuronal development and that many of these clusters exist at nonsynaptic sites (Rao et al., 1998) . We further evaluated the content and location of these clusters at different stages of neuronal development. At day in vitro (DIV) 7, PSD-95 colocalized in discrete clusters with GKAP and Shank scaffolding proteins along the dendritic shaft (87.6% 6 2.8% of PSD-95 and GKAP coclusters with Shank; Figure 1A ). Similar colocalization of these proteins was observed at DIV14 (86.6% 6 2.3% of PSD-95 and GKAP coclusters with Shank; Figure 1B ). Although most of these clusters were synaptic at DIV14 (78.2% 6 3.7% of PSD-95 and Shank coclusters with synaptophysin), only half of the clusters containing PSD-95, GKAP, and Shank were synaptic at DIV7 (47.2% 6 5.2% of PSD-95 and Shank coclusters with synaptophysin, p < 0.001, Figures 1C  and 1D ). AMPA receptors, as assessed by GluR1 staining, did not significantly colocalize with Shank at DIV7, and only half of the synaptic Shank clusters contain the glutamate receptor subunit GluR1 (51.5% 6 6.2% of Shank and synaptophysin coclusters with GluR1, p < 0.001, Figures 1E and 1F ), suggesting that most synapses formed at this early stage are silent (Bredt and Nicoll, 2003) . The tight correlation in localization of PSD-95, GKAP, and Shank at nonsynaptic sites at a period that precedes the majority of synapse formation suggests that these proteins form a preassembled complex that participates in excitatory synapse development.
Existence of Mobile and Stationary Nonsynaptic Clusters Containing PSD-95, GKAP, and Shank To visualize the formation and assembly of clusters of PSD-95, GKAP, and Shank, we performed time-lapse microscopy of fluorescently tagged versions of these proteins in DIV5-6 hippocampal neurons with the use of an environmentally controlled chamber, with images taken every 2-10 min for periods of up to 2 hr. To avoid any changes associated with protein overexpression, several criteria were followed to ensure that the levels of fluorescently labeled molecules were similar to endogenous proteins (see the Supplemental Experimental Procedures and Figure S1 available online).
The majority of coclusters containing PSD-95 GFP, GKAP DsRED, and Shank CFP were stationary (77.9% 6 2.2% of total coclusters). Noteworthy, clusters of these proteins were also mobile and moved perfectly in concert along dendrites in both anterograde and retrograde directions. These characteristics were similar in neurons expressing PSD-95 GFP alone ( Figure 2A and Movie S1), coexpressed with GKAP DsRED (Figure 2B) , coexpressed with Shank CFP ( Figure 2C and Movie S2), and Shank CFP alone ( Figure 2F ). The mean velocity of mobile clusters in a specific direction was 0.83 6 0.08 mm/min, over distances ranging from 2 to 15 mm ( Figure 2G ). Velocity was not constant, with clusters often pausing briefly before continuing. This movement is consistent with previous reports of PSD-95 alone at this age (Bresler et al., 2001 (Bresler et al., , 2004 Friedman et al., 2000; Shapira et al., 2003; Washbourne et al., 2002) , albeit lower than those typically associated with vesicles propelled by molecular motors (0.1-10 mm/s) and faster than previous reports of PSD-95 alone in older neurons (0.48 mm/min; Bresler et al., 2001) . Fusion and splitting of coclusters of these proteins were observed along the dendrite, with modest, less than 2 mm, lateral movement (12.7% 6 1.3% of total coclusters, Figure 2D and Movie S3). These data indicate that different pools of nonsynaptic scaffold complexes exist, which are distinguishable by differences in mobility. The detection of both stationary and mobile clusters containing PSD-95, GKAP, and Shank is intriguing and suggests that these proteins constitute a complex that can move as a bonafide transport packet. Because the protein clusters described here contain the major scaffolding proteins present at excitatory synapses, we will refer to them as the preformed scaffold complex.
Stationary Nonsynaptic Preformed Scaffold Complex Participates in Development of Functional Presynaptic Terminals
Analysis of DIV5 neurons showed that the number of endogenous PSD-95 puncta was about 2-fold higher than sites positive for the excitatory presynaptic marker vesicular glutamate transporter-1 (VGLUT). Between DIV5 and DIV9, there was an increase in the total number of colocalized VGLUT and PSD-95 puncta, without a significant increase in the total number of PSD-95 clusters ( Figures S2A and S2B ). This suggests that existing PSD-95 clusters may have been utilized for building new contacts positive for VGLUT within this time period. To explore this possibility, time-lapse imaging of PSD-95 GFP was performed in conjunction with successive loading and unloading of the synaptic vital dye FM 4-64 (Friedman et al., 2000; Prange and Murphy, 1999; Shapira et al., 2003) . Sites positive for FM 4-64 were also labeled for VGLUT (83.6% 6 19% of total FM 4-64-positive sites), confirming the validity of using FM 4-64 to label excitatory presynaptic terminals (Figure S2C) . When compared to their synaptic, FM 4-64-positive counterparts over a time course of 4 hr, there was no statistically significant difference in relative fluorescence intensity of PSD-95 GFP: final GFP fluorescence intensity was 90.2% 6 1.6% of initial fluorescence intensity for nonsynaptic PSD-95 GFP and was 92.9% 6 4.1% of initial fluorescence intensity for synaptic PSD-95 GFP (n = 10 neurons per group, 378 puncta, p = 0.6). The fluorescence stability of stationary PSD-95 GFP clusters that were negative for FM 4-64 suggests that they are not simply remnants of recently lost synapses, which have been shown to disassemble within 1 hr (Okabe et al., 2001) . Within 45 min of imaging, a small fraction of presynaptically naive sites opposed to stable PSD-95 GFP clusters became FM 4-64 positive (4.5% 6 1.4% of total PSD-95 puncta, 10.4% 6 3.7% of presynaptically naive PSD-95 puncta). This was observed in 6/ 12 of the neurons analyzed ( Figures 3A and 3E ). After 2 hr of imaging, this phenomenon was observed more frequently (11.3% 6 2.0% of total PSD-95 puncta, 18.6% 6 3.4% of presynaptically naive PSD-95 puncta), in 13/ 14 neurons examined ( Figures 3B and 3E ). These data suggest that preformed scaffold complexes can act as sites for recruitment of active presynaptic machinery and that this process can occur in as little as 45 min.
Delivery of Mobile Synaptophysin Clusters to Contact Sites Apposed to Stationary Preformed Scaffold Complex
Although FM dyes are reliable markers for labeling active presynaptic terminals, this method does not readily allow for visualization of the delivery of presynaptic Endogenous localization of synaptic proteins at DIV7 (left panels) and DIV14 (right panels) by immunostaining. (A and B) Scaffolding molecules Shank (green), GKAP (red), and PSD-95 (blue) are colocalized at DIV7 (87.6% 6 2.8%) and DIV14 (86.6% 6 2.3%). (C and D) At DIV7, 47.2% 6 5.2% of Shank (green) and PSD-95 (red) coclusters were apposed by synaptophysin (SYN) (blue). At DIV14, 78.2% 6 3.7% of PSD-95 and Shank coclusters are apposed by SYN. (E and F) At DIV7, only 51.5% 6 6.2% of synaptic sites containing Shank (green) and SYN (blue) contain the AMPA receptor subunit GluR1 (red). GluR1 clusters are present at 82.4% 6 0.3% of synaptic Shank sites at DIV14. Data represent the analysis of neurons from at least two experiments, n = 11-15 neurons per group, R800 clusters per group. Scale bar, 1mm. ***p < 0.001. Data represent mean 6 SEM.
elements to these sites. To visualize axonal transport packet recruitment at contact sites, we used synaptophysin fused to DsRED (SYN DsRED) introduced at DIV0 by electroporation in order to label a large proportion of presynaptic terminals and their axons, followed by transfection of PSD-95 GFP as described earlier. Using fast interframe intervals (15 s), we found that mobile SYN DsRED travels on average velocities of 0.47 mm/s (ranging from 0.14 to 1.3 mm/s; Figures S3A and S3C ) and is similar to presynaptic vesicle markers such as VAMP (Ahmari et al., 2000) . Frequent rests in the trafficking of SYN DsRED-positive transport packets averaged 54 s (ranging from 15 s to 6.5 min; Figures S3B and S3D and Movie S4). Recruitment of SYN DsRED-positive (E) A graph summarizes the percentage of mobile (10.5% 6 0.9%), splitting (12.7% 6 1.3%), and stationary (77.9% 6 2.2%) coclusters containing PSD-95 GFP and GKAP DsRED (n = 13 neurons, 886 puncta). (F) Mean velocity of mobile PSD-95 and GKAP coclusters was 0.83 6 0.08 mm/min and was not significantly different when PSD-95 was transfected alone (0.75 6 0.03 mm/min, n = 21 neurons) or when cotransfected with Shank (0.74 6 0.08 mm/min, n = 10 neurons) or Shank alone (0.77 6 0.05 mm/min, n = 9 neurons, p = 0.9). (G) Frequency of mean velocities of mobile clusters for PSD-95 GFP alone (black bars) and PSD-95 cotransfected with GKAP (gray bars) show similar distribution. Scale bar, 10 mm. Data represent mean 6 SEM.
Neurontransport packets at specific sites for a minimum of 15 min was counted as stable in order to distinguish it from these rest stops. No significant accumulation of SYN DsRED from a diffuse pool was observed. Expression of SYN DsRED by transfection with electroporation did not result in a significant protein overexpression (p = 0.3), increased cluster area (p = 0.6), nor enhanced PSD-95 clusters at sites of accumulation (p = 0.5; Figure S3 ).
Time-lapse imaging revealed that 36.3% 6 5.4% of PSD-95 GFP clusters contacting SYN DsRED-positive axons showed stable PSD-95 GFP clusters apposed by stable accumulations of SYN DsRED, suggesting that these are synaptic partners. Most contacts between PSD-95 GFP puncta contacting SYN DsRED-positive axons showed no axonal varicosities (bulges at least 1.5 times greater than the average width of the axon) and no significant enrichment of SYN DsRED (increases in fluorescence at least 1.5 times background). However, a number of these contacts were seen to develop into axonal varicosities or recruit and stabilize mobile axonal transport packets positive for SYN DsRED within 1 hr (5.9% 6 1.7% of total PSD-95 GFP clusters [5/88], 15.6% 6 1.4% of presynaptically naive PSD-95 GFP clusters [5/31]; Figures 3C, 3D, 3F, and 3G). Some of the newly recruited clusters of SYN DsRED showed rapid morphological rearrangements upon delivery of SYN DsRED-positive transport packets to sites apposed to stationary PSD-95 clusters, suggesting that these changes are triggered by crosstalk between these pre-and postsynaptic elements ( Figure 3C , Figures S4A and S4B, and Movies S5-S7). Longer time-lapse periods (2 hr) revealed that 32.5% 6 4.6% of presynaptically naive contacts positive for PSD-95 GFP (11/32) were able to recruit SYN DsRED ( Figure 3F and Figures S4A and S4B). These results indicate that stationary clusters of preformed postsynaptic scaffolds can recruit axonal transport packets for initiation and/or stabilization of new sites of contact and suggests a paradigm whereby preformed postsynaptic complexes may induce presynaptic differentiation.
Previous studies have indicated that differentiation of the presynaptic compartment occurs before recruitment of postsynaptic proteins (Bresler et al., 2001; Okabe et al., 2001; Waites et al., 2005) . To further assess whether both of these modes exist in DIV5-7 neurons, we monitored the accumulation of PSD-95 GFP at sites initially lacking PSD-95 but positive for SYN DsRED. Within 2 hr of imaging, 26.7% 6 3.6% of stable SYN DsRED clusters recruited PSD-95 GFP at sites initially naive for this postsynaptic protein (5/25; Figure 3G ). Three of these events resulted from recruitment of discrete PSD-95 GFP clusters that were in the vicinity of the contact. In two other events, no discernable clusters were recruited and may represent the accumulation of a diffuse pool as previously described (Bresler et al., 2001; Okabe et al., 2001; Waites et al., 2005; Washbourne et al., 2002) . Thus, both pre-and postsynaptic mechanisms participate in the recruitment of synaptic elements at sites of contact. In contrast with these findings, only 2.5% 6 1.4% of contacts that were initially negative for both PSD-95 GFP and SYN DsRED were observed to recruit and stabilize SYN DsRED within 2 hr (1/ 41; Figure 3G ). Thus, a contact per se is not sufficient to drive synapse formation. These results emphasize the importance of the preformed scaffold complex in increasing the probability of accumulation of presynaptic elements.
Accumulation of pre-and postsynaptic proteins were mainly observed at existing contacts between transfected neurons; thus, it remains unclear how postsynaptic clusters attract axons to these sites. We have explored this by searching for events in which axonal growth cones contacted dendrites of transfected cells. We were able to capture a total of six growth cones contacting dendrites of cells transfected with PSD-95 GFP, and five of these events maintained contacts with existing PSD-95 GFP clusters ( Figure S5 and Movies S8-S10).
Stationary Nonsynaptic Preformed Scaffold Complexes Contain Neuroligin-1
To define signals that contribute to the stability of preformed scaffold complex, we analyzed the localization of neuroligin-1, a binding partner of PSD-95 that is sufficient to induce presynaptic differentiation (Scheiffele et al., 2000) . In DIV7 neurons, 56.5% 6 0.5% of Shank clusters are positive for neuroligin-1 ( Figures 4A and  4B ). However, only 28.1% 6 5.3% of these clusters were associated with excitatory presynaptic terminals, as assessed by VGLUT staining (Figures 4C and 4D) . Thus, neuroligin-1 can be associated with the preformed complex at synaptic and nonsynaptic sites ( Figure S7 ). At DIV14, in contrast, neuroligin-1 clusters mainly exist with scaffold protein complexes (62.2% 6 6.5%) and synaptophysin-positive sites (64.8% 6 4.7%).
To further dissect the pool of preformed protein complexes containing neuroligin-1, time-lapse imaging of PSD-95 GFP and GKAP DsRED transfected neurons was performed, followed by retrospective immunostaining for endogenous neuroligin-1. Neuroligin-1 clusters were detected in most stationary PSD-95 and GKAP coclusters (75.1% 6 3.1% of total stationary PSD-95 clusters). A fraction of the mobile PSD-95/GKAP coclusters were found associated with neuroligin-1 puncta (33.3% 6 11.4% of mobile PSD-95 clusters; Figures 4E and 4G), representing w3% of the total number of PSD-95 clusters, and moved distances less than 2.5 mm. To determine the relationship between neuroligin-1, stationary PSD-95 clusters, and active presynaptic terminals, neurons expressing PSD-95 GFP were loaded and unloaded with FM 4-64, time-lapse imaging was performed over a 1-4 hr period, and neurons were fixed and stained for endogenous neuroligin-1 and synaptophysin. Neuroligin-1 was found associated with stationary PSD-95 clusters, regardless of their apposition to active presynaptic terminals (58.9% 6 8.6% of total FM 4-64 and synaptophysin-positive clusters versus 53.2% 6 9.0% of total negative clusters, p = 0.7; Figures  4F and 4H) .
Consistent with these findings, time-lapse imaging of DIV6 neurons expressing PSD-95 YFP and neuroligin-1 CFP showed that a large proportion of the PSD-95 YFP clusters were stationary during the imaging period (88.7% 6 2.5% of total PSD-95 clusters, Figure 5A ) and that most of these stationary PSD-95 YFP clusters contained neuroligin-1 CFP (89.7% 6 2.5%; Figures  5A-5C ). Similar to retrospective staining for endogenous neuroligin-1, only a small fraction of the mobile pool of PSD-95 YFP clusters at this age contained neuroligin-1 CFP (27.3% 6 3.9% of mobile PSD-95 clusters; Figures  5B and 5C ). Interestingly, the average velocity of the few mobile PSD-95 YFP clusters positive for neuroligin-1 CFP was significantly slower than those that were negative for neuroligin-1 (0.48 6 0.06 versus 0.84 6 0.06 mm/ min, respectively, p < 0.001; Figure 5D ) and moved shorter distances (on average, 2.2 mm versus 6.0 mm, respectively; Figure 5E ). Thus, with retrospective immunostaining and live time-lapse imaging, a large proportion of neuroligin-1 is found associated with stationary PSD-95 clusters.
We next examined whether nonsynaptic clusters of neuroligin-1 recruit presynaptic proteins. Indeed, stationary clusters of neuroligin-1 CFP were observed to recruit axonal transport packets positive for SYN DsRED at sites of contact within 1 hr (16.6% 6 3.6% of total contacts [13/67 contacts], 47.7% 6 7.9% of SYN DsRED naive contacts [13/27contacts]; Figure 5F and Movies S11 and S12). Retrospective immunostaining revealed that 80% (16/20 events) of stationary clusters of neuroligin-1 CFP that recruited SYN DsRED contain endogenous PSD-95 ( Figure 5G ). These data suggest that association of neuroligin-1 with the preformed scaffold complex may be one of the adhesion molecules that facilitate recruitment of the presynaptic release machinery.
Mobility of Preformed Scaffold Clusters Is Actin Dependent
If stationary preformed scaffold clusters act as signals for the recruitment of active presynaptic terminals, what is the role of the mobile clusters? Transport of these preassembled complexes is slower than reported values for known vesicular transport. As such, movement of PSD-95 and GKAP clusters appears to involve a novel mechanism of transport. To determine the cytoskeletal elements required for the transport of mobile PSD-95 clusters, time-lapse imaging of transfected neurons was performed in the presence of 4 mM cytochalasin B or 3 mM nocodozole, pharmacological agents known to disrupt actin-and microtubule-based transport, respectively, through filament depolymerization (Sabo and McAllister, 2003) . The relative velocities of mobile clusters were assessed for 30 min before and 30 min to 1 hr after drug treatment. Movement of PSD-95 GFP clusters was abolished upon treatment with cytochalasin B (0.75 6 0.06 mm/min before versus 0.10 6 0.07 mm/min during cytochalasin B treatment, p < 0.001; Figure 6B ), whereas no significant effect was seen with nocodozole (0.78 6 0.03 mm/min before versus 0.69 6 0.05 mm/min after nocodozole treatment, p = 0.14; Figures 6A and 6C) . These experiments suggest that the mobility of preformed scaffold complexes involves an actin-based trafficking.
Mobile Preformed Scaffold Clusters Are Recruited to Nascent and Existing Postsynaptic Sites Do mobile clusters contribute to synapse formation or remodeling? Simultaneous time-lapse imaging of PSD-95 YFP, GKAP CFP, and FM 4-64 revealed that presynaptic terminals labeled with FM 4-64 recruited coclusters of PSD-95 YFP and GKAP CFP to nascent and existing postsynaptic sites. Recruitment of PSD-95 YFP and GKAP CFP coclusters to existing puncta of postsynaptic proteins occurred more frequently (1.8% 6 0.6% of total PSD-95 puncta, 30.1% 6 13.0% of mobile PSD-95 puncta) and was observed in 6/10 neurons during the 1 hr time-lapse period ( Figures 7A and 7C) . Recruitment of PSD-95 YFP and GKAP CFP coclusters to nascent presynaptic terminals was a more rare event (0.6% 6 0.3% of total PSD-95 puncta, 10.0% 6 5.1% of mobile PSD-95 puncta), observed in 4/10 of neurons ( Figures  7B and 7C ). These data demonstrate that recruitment of preformed scaffold complexes to both existing and nascent presynaptic terminals can occur through the transport of discrete clusters. Further analysis of FM 4-64-positive versus FM 4-64-negative coclusters revealed differences in their behavior. A significantly larger fraction of nonsynaptic clusters was mobile during the imaging period (2.3% 6 1.2% of total FM 4-64-positive PSD-95 and GKAP coclusters versus 17.6% 6 3.0% of total FM 4-64-negative PSD-95 and GKAP coclusters, p < 0.001). Together these data demonstrate that mobile preformed clusters are more likely to be nonsynaptic and can be utilized as transport packets for the formation of a PSD at nascent and existing synapses.
Knock Down of PSD-95 Results in a Decrease in GKAP, Shank, and VGLUT Clusters, but an Increase in VGAT Clusters Positive for Neuroligin-1 To determine whether PSD-95 is central to the nucleation of the preformed scaffold complexes, siRNA that has previously been shown to knock down PSD-95 expression was transfected at DIV2, and the effects were assessed at DIV7-8 (Nakagawa et al., 2004) . A significant decrease in the number of PSD-95 clusters was observed, from 8.2 6 0.6 puncta/mm in neurons transfected with scrambled siRNA, to 2.2 6 0.3 puncta/mm in neurons transfected with PSD-95 siRNA (Figure 8 ). Knock down of PSD-95 also resulted in a significant reduction in the number of GKAP (4.3 6 0.4) and Shank (3.1 6 0.4) clusters when compared to neurons transfected with scrambled siRNA (7.2 6 0.5 and 8.4 6 0.6 puncta/ 10 mm, respectively; Figures 8A, 8B, and 8E). We next examined whether a reduction in the number of clusters of PSD-95, GKAP, and Shank is associated with a change in the number of the excitatory presynaptic marker VGLUT. Indeed, a significant decrease in the number of VGLUT-positive puncta contacting neurons transfected with PSD-95 siRNA was observed (1.1 6 0.2 puncta/10 mm) versus scrambled siRNA (2.6 6 0.5 puncta/10 mm; Figures 8C and 8G ).
In contrast with these findings, the total number of neuroligin-1 clusters was not significantly altered in neurons transfected with either scrambled (9.0 6 0.5 puncta/10 mm) or PSD-95 siRNA (10.3 6 0.6 puncta/10 mm). Consistent with this, the number of neuroligin-1 clusters positive for Shank decreased in PSD-95 siRNA transfected neurons ( Figure 8F ). This paralleled with a 169% 6 19.1% increase in the number of VGAT-positive positive for PSD-95 GFP recruited SYN DsRED, whereas 26.7% 6 3.6% of stable SYN DsRED clusters recruited PSD-95 GFP at sites initially naive for this postsynaptic protein. Only 2.5% 6 1.4% of contacts initially negative for both PSD-95 GFP and SYN DsRED were observed to recruit and stabilize SYN DsRED (n = 11). Scale bar, 1 mm. Data represent mean 6 SEM. puncta in PSD-95 siRNA transfected cells (44.6 6 4.4 puncta/neuron versus 26.4 6 2.7 in scrambled siRNA control neurons; Figure 8H ). This suggests that loss of the preformed scaffold complexes may have resulted in mislocalization of neuroligin-1, potentially to inhibitory contacts. To address this, we first analyzed the proportion of VGAT-positive contacts that contain neuroligin-1 in DIV7 neurons and found that 27.9% 6 6.2% of VGATpositive sites are apposed by neuroligin-1. Next, we contrasted the percentage of neuroligin-1 puncta present at Representative images of the localization of endogenous neuroligin-1 (NLG1) with respect to postsynaptic and presynaptic proteins as assessed by immunostaining at DIV7 (left panels) and DIV14 (right panels). (A-D) Localization of NLG1 and Shank clusters with (A and B) GKAP and (C and D) VGLUT at DIV7 and DIV14 (n = 11 neurons at DIV7; 12 neurons at DIV14; R1000 clusters). (E and F) Time-lapse imaging of PSD-95 GFP alone (F) and with GKAP DsRED (E) was performed, followed by retrospective immunostaining for endogenous NLG1 (blue). (E) Open arrowhead highlights a mobile cluster positive for PSD-95 GFP and GKAP DsRED that is negative for endogenous NLG1. (F) Clusters of PSD-95 GFP negative for both FM 4-64 and endogenous synaptophysin (SYN) contain NLG1. PSD-95 GFP-expressing neurons were first loaded and then unloaded with FM4-64 at the beginning of the imaging period (0 min). Neurons were imaged for 1 hr, followed by a second round of loading and unloading of FM4-64. Cells were then fixed and stained for SYN. Closed arrowheads demarcate stationary nonsynaptic PSD-95 GFP clusters positive for NLG1. (G) Endogenous NLG1 is present at 75.1% 6 3.1% of stationary PSD-95 GFP and GKAP DsRED coclusters. In contrast, 33.3% 6 11.4% of mobile PSD-95 GFP and GKAP DsRED coclusters contain NLG1 (n = 12 neurons; 321 puncta). (H) Percentage of PSD-95 GFP clusters positive for NLG1 at sites positive (Synaptic) or negative (Nonsynaptic) for both FM 4-64 and SYN (n = 12 neurons, 299 puncta, p = 0.7). Scale bar, 1 mm (A and C), 5 mm (E and F). ***p < 0.001. Data represent mean 6 SEM. VGAT-positive sites in PSD-95 siRNA transfected neurons versus controls. We found that the proportion of neuroligin-1 puncta positive for VGAT increased by 150% 6 14.5% in PSD-95 siRNA transfected cells ( Figure 8I ). These results indicate that preformed scaffold complexes may serve a role in maintaining the balance between newly formed excitatory and inhibitory synapses.
Discussion
Recent studies have shown that synapse formation involves rapid delivery of transport packets containing presynaptic proteins to new sites of contact (Ahmari and Smith, 2002; Craig and Boudin, 2001; Garner et al., 2002; Li and Sheng, 2003; Sanes and Lichtman, 2001; Sans et al., 2003; Waites et al., 2005) . Others have documented nonsynaptic postsynaptic protein complexes (Blue and Parnavelas, 1983; Fiala et al., 1998; Rao et al., 1998; Sans et al., 2003; Washbourne et al., 2002 ). Here we show that mobile and stationary preformed protein complexes containing PSD-95, GKAP, and Shank can participate in excitatory synapse development via recruitment of presynaptic transport packets positive for synaptophysin. A significant proportion of these stationary nonsynaptic clusters contain neuroligin-1 and are readily transformed into FM 4-64-positive axonal terminals, suggesting that the preformed postsynaptic protein complexes assist in transformation of these sites to active presynaptic contacts. These results postulate a mechanism whereby stationary preformed clusters of postsynaptic proteins predetermine the sites at which excitatory synapses are formed.
The presence of PSDs without corresponding functional presynaptic terminals have been observed by EM in vivo (Blue and Parnavelas, 1983; Fiala et al., 1998; Hinds and Hinds, 1976; Steward and Falk, 1986) ; however, it was unknown whether these ''free PSDs'' could eventually recruit presynaptic release machinery. Our analysis shows that postsynaptic differentiation can occur prior to formation of a functional presynaptic active zone in young hippocampal neurons. This is consistent with previous findings that demonstrated the existence of postsynaptic protein complexes containing NMDA receptors (Sans et al., 2003 ; Washbourne et al., Average velocity before nocodozole treatment was 0.78 6 0.03 mm/min and 0.69 6 0.05 mm/min during treatment (p = 0.14, n = 10 neurons). Average velocity before cytochalasin B treatment was 0.75 6 0.06 mm/min and 0.10 6 0.07 mm/min during treatment (p < 0.001, n = 9 neurons). Scale bar, 5 mm. ***p < 0.001. Data represent mean 6 SEM. 2002, 2004) . Live imaging of GFP-tagged NMDA receptor subunit NR1 in young neurons also revealed a modular transport of NR1 and SAP-102 along microtubules and that NR1 recruitment at new contacts slightly precedes or follow the recruitment of presynaptic proteins (Washbourne et al., 2002 (Washbourne et al., , 2004 . These NR1 transport packets were lacking PSD-95, indicating that delivery of NMDA receptor subunits to synaptic sites involves a mechanism independent of recruitment of the preformed scaffold complexes examined in this study. The availability of a readily accessible pool of preformed scaffold complexes could facilitate synapse formation (G and H) An increase in the number of (G) VGLUT, but a decrease in the number of (H) VGAT-positive contacts apposed to neurons transfected with PSD-95 siRNA. (I) Number of VGAT and NLG1 coclusters increased in PSD-95 siRNA transfected cells (n = 10 neurons). Scale bar, 5 mm. *p < 0.05, **p < 0.01, *** p < 0.001. (J) A model summarizes the role of stationary and mobile preformed scaffold clusters in excitatory synapse development. Stationary (orange) and mobile (yellow) preformed scaffolding clusters are abundant early in development, with a few mature postsynaptic densities (brown) apposed to functional presynaptic terminals. Stationary preformed scaffold clusters are NLG1 positive and can attract immature presynaptic terminals. NLG1 can drive the recruitment of synaptophysin transport packets. Mobile preformed clusters lack NLG1 and are transported to stationary preformed scaffolding clusters or mature postsynaptic sites. Splitting and mobile clusters can act as a reservoir that generates new stationary clusters. These in turn serve as new hot spots for the development of excitatory synapses. This model postulates a postsynaptic mechanism whereby preassembled nonsynaptic clusters containing scaffolding proteins and cell adhesion molecules dictate the location and number of newly formed excitatory contacts. Data represent mean 6 SEM.
at this early stage of development. However, the involvement of preformed postsynaptic complexes involved in synapse formation has been disputed by others who reported that presynaptic differentiation precedes the recruitment of postsynaptic proteins which occurs gradually (Bresler et al., 2001 (Bresler et al., , 2004 . These studies were performed in relatively older neurons and may have therefore failed to observe some of the events that occur in younger neurons. A shift in mechanisms used for synapse assembly at different developmental stages may explain these discrepancies.
We were able to capture both pre-and postsynaptic mechanisms of recruitment of synaptic proteins to nascent contacts in DIV5-7 neurons. Analysis of synaptophysin DsRED-positive axons contacting dendrites of cells transfected with PSD-95 GFP showed that w33% of contacts that were positive for the postsynaptic scaffold clusters but initially naive for presynaptic elements recruited synaptophysin within 2 hr. Moreover, w27% of contacts initially naive for PSD-95 clusters recruited PSD-95 GFP. In contrast with these observations, only w2.5% of sites lacking both PSD-95 GFP and synaptophysin clusters resulted in the accumulation of presynaptic elements within 2 hr, indicating that a contact between two neurons per se is not sufficient to drive synapse formation. This further highlights the importance of the preformed scaffold complexes in triggering the accumulation of synaptic elements at these sites.
Most of the new synapses that we observed in our analysis were en passant, and we frequently observed changes in axon morphology accompanied by the accumulation of synaptophysin at sites contacting PSD-95 clusters. Events in which axonal growth cones made a contact with PSD-95 clusters were rare; however, most events in which axonal growth cones contacted PSD-95 clusters resulted in the formation of a stable contact. It remains unclear why axonal growth cones were initially attracted to the postsynaptic clusters. Secreted factors associated with the postsynaptic scaffold may attract extending axons; however, there is no evidence in the current study to support this possibility. It is possible that during their growth, extending axons randomly contact multiple sites; however, once they encounter a postsynaptic protein complex containing the appropriate adhesion molecules, they can be rapidly stabilized. The presence of neuroligin-1 in the preformed complex may facilitate initial contact stabilization; however, our data do not exclude the involvement of other cell adhesion molecules in this process.
There are inherent advantages to both the presynaptic and postsynaptic modes of synapse formation for proper connectivity of a neuronal circuit. In early development, guidance cues drive axons into their respective target fields and help them to contact the correct neuron, and thus presynaptic mechanisms may ensure recruitment of the appropriate scaffold and receptors that matches the neurotransmitter present in axonal terminals. Conversely, a dendrite primed with the appropriate postsynaptic complex may serve to determine the number of sites to be stabilized or eliminated upon encountering an axon en passant, and this may dictate the number and type of synapses that a neuron receives. Considering that the preformed pool is scarce in older neurons, this postsynaptic mechanism may not significantly contribute to synapse formation in more mature neurons and must rely on synapse addition by presynaptic induction on a point-by-point basis. Experiments studying the adhesion complex formed by neuroligins and neurexins suggest that both presynaptic and postsynaptic mechanisms stimulate synapse assembly: when expressed in non-neuronal cells, b-neurexin is sufficient to drive the recruitment of postsynaptic proteins, and conversely, neuroligins are sufficient to drive the recruitment of the presynaptic release machinery . Studies suggest that scaffolding proteins play an important role in dictating the behavior of cell adhesion molecules in synapse development. For instance, PSD-95 enhances neuroligin-1 clustering and maturation of excitatory synapses at the expense of inhibitory contacts (Prange et al., 2004) . Thus, factors that govern the early assembly of these proteins at nonsynaptic sites may be critical for controlling the number of newly formed synapses.
We analyzed a subset of postsynaptic proteins present at nonsynaptic clusters; however, it is possible that this complex may contain many other scaffolding proteins and adhesion molecules. The association of PSD-95 and GKAP in young hippocampal neurons in nonsynaptic clusters has been previously observed (Rao et al., 1998) ; however, the finding that Shank is also present is intriguing. Shank is a large protein with multiple motifs for protein-protein interaction. Hence, a preformed complex containing PSD-95, GKAP, and Shank may be able to recruit many proteins required for excitatory synapse maturation. This hypothesis is supported by the fact that Shank and GKAP form aggresomes that are degraded via the proteosomal pathway in the absence of PSD-95 (Romorini et al., 2004) . Shank is functionally involved in the morphogenesis of spines and requires the interaction of Shank with Homer, a protein that binds metabotropic glutamate receptors, and inositol 1,4,5-triphosphate receptors (Sala et al., 2001; Tu et al., 1999) . The synapses of young hippocampal neurons observed in this study are predominantly on the shafts of dendrites. Thus, the presence of Shank in the preformed postsynaptic complex suggests the involvement of shaft synapses in the later development of spines.
Although less numerous than their stable counterparts, mobile nonsynaptic clusters of PSD-95, GKAP, and Shank were observed. Previous studies have shown some movement of PSD-95 clusters, including splitting, lateral movement in shafts, and movement into and out of spines and filopodia (Marrs et al., 2001; Prange and Murphy, 2001 ). These studies did not address the relationship of these moving clusters with respect to other scaffolding proteins, adhesion molecules, or active presynaptic terminals. In this study, we found that mobile clusters of multiple scaffolding proteins are recruited to nascent and existing synapses. The existence of large preformed clusters of postsynaptic proteins that frequently split suggests that these clusters may serve as a reservoir for rapid delivery of preassembled complexes to nascent and established sites. Most intriguing is the finding that the majority of mobile PSD-95 clusters containing neuroligin-1 significantly moved slower and for distances less than 2.5 mm. The association of neuroligin-1 with a small pool of mobile clusters that exhibit slow movement and travel for short distances suggests that neuroligin-1 and PSD-95 may initially traffic separately, but once they merge, neuroligin-1 restricts the mobility of the preformed complexes and promotes their docking at specific hot spots to prime them to associate with newly encountered axons arriving from excitatory neurons. Our analysis cannot rule out the possibility that individual neuroligin molecules rather than clusters associate with the preformed scaffold complex during new contact formation, mainly because of the methods used here, which only visualized clusters of these proteins. Future experiments that can track the movement of individual neuroligin molecules will be important to clarify this issue.
Signals that dictate the splitting, transport, and docking of preformed clusters at specific subcellular locations remain unclear. EM studies showed association of PSD-95 in vesiculotubular structures that resemble endosomes (El-Husseini et al., 2000a) . Other studies revealed a fraction of PSD-95 is associated with yet unidentified intracellular membranes (Bresler et al., 2001) . Thus, mobile clusters may represent a form of endosomal structures, but with a speed distinct from that previously reported. Our analysis suggests that the mobility of preformed postsynaptic clusters is actin dependent. Actin-based trafficking in hippocampal neurons has been shown to be carried out by the myosin family of motor proteins, and several members are expressed in the dendrites of hippocampal neurons (Kim and Sheng, 2004) . Myosin 5a is a likely candidate, since it is highly expressed in young hippocampal neurons, can be found at nonsynaptic sites containing PSD-95, and interacts with GKAP through dyenin light chain (Naisbitt et al., 2000) . Prange et al. (2004) analyzed changes in synapses upon overexpression of PSD-95 and neuroligin-1 and showed that PSD-95 enhanced accumulation of neuroligin-1 at excitatory synapses, thus limiting the number of new synapses induced by neuroligin-1. The current study sheds more light into the potential mechanism that involves assembly of these proteins at neuronal contacts with near-physiological levels of expression. Preformed scaffold complexes may act to control the function of neuroligin by sequestering it at ''hot spots,'' eventually leading to the recruitment of presynaptic release machinery. Thus, the number of existing hot spots may be critical for controlling the balance of excitatory and inhibitory contacts. Consistent with this role, sequestration of specific neuroligins to either excitatory or inhibitory contacts has been recently reported (Graf et al., 2004; Varoqueaux et al., 2004) . Knock down of these proteins results in a reduction of both excitatory and inhibitory synapses (Chih et al., 2005) . It remains unclear how neuroligin retention/function is modulated at inhibitory sites. One possibility is that molecules such as gephyrin may act to regulate neuroligin accumulation at inhibitory contacts.
If the preformed scaffold participates in excitatory synapse development, then disruption of this complex may result in a decrease in the number of excitatory synapses. Indeed, loss of PSD-95 results in a reduction of GKAP and Shank clusters as well as a decrease in VGLUT-positive sites, indicating a decrease in excitatory contact number. The reduction of GKAP, Shank, and VGLUT clusters correlated with an increase in the number of VGAT sites containing neuroligin-1. This may explain our previous observation that knock down of PSD-95 decreases the excitatory-to-inhibitory synaptic ratio (Prange et al., 2004) . PSD-95 knock down only results in partial loss of excitatory synapses and partial redistribution of some of the associated proteins, thus other factors must be involved for excitatory synapse development. In contrast, animals mutant for PSD-95 exhibit normal basal excitatory transmission, indicating that PSD-95 is not essential for excitatory synapse formation, but recent data by Sheng and colleagues showed that acute knock down of either PSD-95 or SAP-97 diminishes excitatory synapse transmission and glutamate receptor clustering at the synapse (Nakagawa et al., 2004) . Thus, future studies are required to clarify whether functional redundancy has compensated for the loss of PSD-95 in mutant animals or whether these proteins serve functions unrelated to synapse formation. Despite this controversy, data presented here reveal that a preformed nonsynaptic complex of these proteins can precede presynaptic maturation.
We propose a mechanism by which stationary clusters of postsynaptic proteins may serve to regulate the number and location of synapses formed at early stages of synaptogenesis ( Figure 8G) . A preassembled protein complex may help guiding axons to form functional presynaptic contacts. The constituents of this protein complex will also help determine whether the nascent contact is an excitatory or inhibitory synapse. The observation that transport packets of the presynaptic protein synaptophysin can be delivered to these sites suggest that the preassembled complex of postsynaptic proteins may instruct the delivery of presynaptic components required for synthesis, transport, and release of glutamate. The number of these stationary sites may then determine the location and number of new excitatory synapses formed. Such a mechanism may be required for the precise assembly of postsynaptic elements that perfectly match the identity of the neurotransmitter to be recruited to presynaptic terminals. In the future, it will be important to determine how neurons control the number and location for docking the preassembled protein complex.
Experimental Procedures cDNA Constructs
Constructs for PSD-95 GFP, PSD-95 YFP, GKAP CFP, and GKAP DsRED were constructed by PCR and subcloned in-frame into HindIII and EcoRI restriction sites of GW1-GFP, eYFP-C1, eCFP-C1, and pDsRED2-C1 vectors, respectively (Clonetech). Shank-YFP and Shank-CFP were generated as previously described (Romorini et al., 2004) . Neuroligin-1 CFP was a gift from Dr. P. Washbourne (University of Oregon) and was made as described (Fu et al., 2003) . Synaptophysin was constructed by PCR in-frame with DsRED into the XhoI and BamHI restriction sites of the pDsRED2-C1 (Clonetech). PSD-95 and scrambled siRNA were subcloned into pSUPER (Clonetech) as previously described (Nakagawa et al., 2004) .
Neuronal Cell Culture and Transfection Dissociated primary neuronal cultures were prepared from hippocampi of embryonic day 18/19 Wistar rats and maintained in NeuroBasal media (GIBCO-Invitrogen) supplemented with B-27, penicillin, streptomycin, and L-glutamine. Neurons were plated at 100,000 per 35 mm glass-bottom microwell dish (MatTek). Transfection was preformed using 0.2 mg DNA and 0.2 ml of Lipofectamine-2000 (GIBCOInvitrogen) for 3 hr. Nucleofection was performed at plating as described by the manufacturer (Amaxa). Briefly, 4 million neurons were suspended, with 4 mg of DNA in the nuleofection solution provided. Cells were plated at a final density of 100,000 and allowed to recover in DMEM with 10% calf serum for 1 hr before replacement with supplemented NeuroBasal Media. For siRNA experiements, plasmids were transfected using calcium phosphate precipitation at DIV2 and stained at DIV8 as previously described (Passafaro et al., 2003) .
Immunocytochemistry
Coverslips were fixed in 220ºC methanol and immunolabeled for synaptic proteins. Mouse monoclonal antibodies include PSD-95 (1:500; Affinity BioReagents, Golden CO), NR1 (1:200; Synaptic Systems), and neuroligin-1 (1:500; Synaptic Systems). Rabbit polyclonal antibodies include GKAP (1:200; gift from M. Sheng), synaptophysin (1:1000; PharMingen), GluR1 (1:500; Upstate Biotechnology, Lake Placid, NY), and VGLUT1 (1:1000; Synaptic Systems). Guinea pig polyclonal antibodies include GFP (1:300) and Shank (1:500; gift from M. Sheng). Secondary antibodies were generated in goat and were conjugated with Alexa 488 (1:1000), Alexa 568 (1:1000), or Alexa 360 (1:400; Molecular Probes). All antibody reactions were preformed in blocking solution (2% normal goat serum) for 1 hr at room temperature or overnight at 4ºC.
Assessment of Presynaptic Terminal Function by Use of FM 4-64
15 mM FM 4-64 (Molecular Probes) was loaded for 30 s into presynaptic terminals using a hyperkalemic solution of 90 mM KCl 2 in modified HBSS, where equimolar NaCl 2 was omitted for final osmolality of 310 mOsm. Neurons were rinsed three times and maintained in HBSS without Ca 2+ and in the presence of 5 mM Mg 2+ to prevent unloading during image acquisition. 1 mM ADVESAP-7 (Sigma) was added to quench nonspecific signal. A minimum of three images were captured to confirm that the positive sites of FM loading were stationary presynaptic terminals and not orphan sites (Krueger et al., 2003) . Unloading was performed for 30 s in the same hyperkalemic solution and were washed three times with NeuroBasal media for continued imaging. To confirm the fidelity of this dye to label excitatory presynaptic terminals, sites positive for FM 4-64 were also labeled for the excitatory presynaptic marker VGLUT (83.6% 6 19%, n = 9 neurons, 367 puncta; Figure S2C ). Unloading of FM 4-64 was observed in most of the labeled presynaptic terminals (see examples in Figures 3A and 3B ). Puncta that did not significantly unload to 15% of initial intensity were not included in the analysis.
Imaging and Analysis
Imaging was preformed 24-36 hr post-transfection in an environmentally controlled stage (37ºC and 5% CO 2 ) with an objective heater. Images were aquired on a Zeiss Axiovert M200 motorized mocroscope with a 633 1.4 NA ACROMAT oil-immersion lens and a monochrome 14 bit Zeiss Axiocam HR charged-coupled camera with 1300 3 1030 pixels. Filter sets from Chroma include CFP (D436/20x, 455CLP, D480/40m), GFP (HQ470/40x, Q494LP, HQ525/50m), YFP (HQ500/20x, Q515LP, HQ535/30m), DsRED (HQ535/50x, Q564LP, HQ610/75m), and FM 4-64 (HQ535/50x, Q564LP, HQ785/60m). No visible bleedthrough or cross-excitation was detectable at 3000 ms ( Figure S7 ). Exposures were preformed at 1/3 saturation (200-800 ms) and binned 2 3 2 to minimize photodamage to live cells. To correct for out-of-focus clusters within the field of view, focal plane (z-) stacks were acquired and maximum intensity projections performed offline. Images were scaled to 16 bits and analyzed in Northern Eclipse (Empix Imaging, Missasauga, Canada), by using user-written software routines (see Supplemental Experimental Procedures). Two-tailed parametric Student's t test was preformed to calculate statistical significance of results between experimental groups. All n values represent the number of neurons examined from two to six independent experiments and are indicated in the figure legends. SEM values were calculated based on number of neurons examined.
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The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/49/4/547/DC1/.
